Introduction
Atrial fibrillation (AF) affects more than 2 million Americans 1 and is associated with increased risk of stroke and death despite optimal medical therapy. 2, 3 The observation that ectopic beats from the pulmonary veins play a major role in the initiation of AF 4 has led to the development of percutaneous isolation of the pulmonary veins (PVI) as an accepted treatment for AF. PVI has resulted in high single procedural success rates for patients with paroxysmal AF, [5] [6] [7] [8] but success rates for PVI alone in patients with nonparoxysmal AF are often lower, and additional ablation has been advocated by some to increase procedural success rates in this population.
More recently, the targeting of specific sites within the atria that contain electrogram fractionation has been described as a technique for terminating AF. 9 These sites, termed complex fractionated atrial electrograms (CFAEs), are areas where electrograms are rapid and multiphasic or continuous and are thought to be important drivers for the maintenance of AF. Ablation of CFAEs has been proposed as a way to improve the success of PVI, [10] [11] [12] [13] [14] [15] [16] [17] [18] but the added benefit remains unclear. We conducted a meta-analysis to determine the effect of adding ablation of CFAEs to pulmonary vein isolation (PVI) for patients with paroxysmal and nonparoxysmal AF.
Methods

Search strategy
We performed an electronic literature search of MEDLINE (1950 to March 27, 2010) , MEDLINE In-Process and other Non-Indexed Citations, EMBASE (all years, searched March 28, 2010) , the Cochrane Database of Systematic Reviews (February 2010), and the Cochrane Central Register of Controlled Trials (first quarter 2010). Search strategies were developed with the help of a research librarian and are published as an Online Data Supplement. We also manually searched the bibliographies of the selected publications, our personal archives, and review articles published in the last 5 years on catheter ablation for AF.
Eligibility
Randomized trials or controlled clinical trials that compared electrical isolation of the pulmonary veins to the same procedure with additional ablation of CFAEs were included. To be included, studies were required to report on the end point of freedom from atrial tachyarrhythmia (AT) or AF at least 3 months postprocedure. There were no language restrictions, and incomplete information (abstracts, brief reports) could be included as long as it met all other inclusion criteria. Ablation could be performed as a first-line therapy or after failure of antiarrhythmic drugs. Any method of isolation of the pulmonary veins (including PVI or pulmonary vein antrum isolation [PVAI] ) was accepted as long as electrical isolation of the pulmonary veins was confirmed. Additional anatomical ablation lines performed after PVI were allowed as long as these were performed for both groups. CFAEs could be defined, identified, and ablated in any manner, and this could be performed before or after PVI.
End points
The primary end point was freedom from atrial arrhythmia off antiarrhythmic drugs. If the end point was unclear, the authors were contacted directly for clarification. Repeat procedures were not allowed (and were considered failure to reach the primary end point if they occurred). Secondary end points were procedure time, fluoroscopy time, all-cause mortality, pericardial tamponade, and thromboembolic events. For the purpose of this analysis, pericardial tamponade was defined as any pericardial effusion requiring percutaneous or surgical drainage.
Data extraction
Data extraction was performed independently by 2 investigators, and results were recorded on a standardized data extraction form. Disagreements were resolved by consensus.
Data analysis
Dichotomous outcomes were analyzed using the DerSimonian and Laird random effects model. We explored heterogeneity by visually inspecting the outcome plots and then calculating the I 2 statistic as well as the 2 statistic; I 2 Ͼ 50% indicated significant heterogeneity. Statistical significance was set at ␣ ϭ 0.05. If significant heterogeneity was observed, we explored this by repeating the analysis while excluding studies with methodological differences from the rest. All statistical analysis was performed using Review Manager 5.0.21 (The Cochrane Collaboration, Copenhagen, Denmark).
Procedure time and fluoroscopy time, both continuous variables, were also analyzed using a random-effects model. Between-study variance was estimated using the DerSimonian and Laird method.
Results
Search results
Our electronic search identified 481 potentially eligible references; 8 of these met our inclusion criteria ( Figure 1 ). Of these, 5 were randomized controlled trials, 19-23 2 used matched historical controls, 24, 25 and 1 study performed PVI and CFAE in 30 consecutive patients followed by PVI alone in 30 consecutive patients. 26 There were 2 studies of patients with paroxysmal AF, 3 studies of patients with nonparoxysmal AF, and 3 studies of patients with both paroxysmal and nonparoxysmal AF ( Figure 2 ). Table 1 summarizes the baseline characteristics of the patients in the included studies. These 8 studies represent a total of 760 patients; 372 had paroxysmal AF and 388 had nonparoxysmal AF. The mean age of the patients was 57 years, and 74% were male. The mean left atrial dimension was 43 mm, and the average duration of AF was 5.6 years; 378 patients underwent PVI alone, and 382 underwent PVIϩCFAE.
Of note, a single investigator (A. Verma) was the lead author on 3 of the included trials. However, the subjects in these trials did not overlap, and 2 of these trials were multicenter studies.
Primary outcomes
Paroxysmal and nonparoxysmal AF studies combined For all studies combined, there was a statistically significant benefit to the addition of CFAE ablation to electrical isolation of the pulmonary veins in terms of freedom from AT at follow-up (relative risk [RR] 1.15, P ϭ .03) (Figure 3 ). There was no evidence of heterogeneity between included studies (I 2 ϭ 36%, P ϭ .14). The metaanalysis was repeated with the 5 studies that were randomized controlled trials, and the effect size was similar, although the results were no longer statistically significant (RR 1.17, P ϭ .13). To further explore the results, the analysis was repeated for paroxysmal and nonparoxysmal AF individually.
Paroxysmal AF Four studies (3 randomized controlled trials and 1 trial using matched historical controls) representing 330 patients reported results for patients with paroxysmal AF. One study that included patients with paroxysmal AF was not included because results were not reported for the subgroup of patients with paroxysmal AF. 25 The addition of CFAE ablation for patients with paroxysmal AF did not increase rates of freedom from AT (n ϭ 131 of 166 [79%] for PVIϩCFAE vs. n ϭ 122 of 164 [74%] for PVI alone; RR 1.04, P ϭ .52) (Figure 4 ). There was no heterogeneity in this study population (I 2 ϭ 0%, P ϭ .52). The analysis was repeated again using only the 3 randomized controlled trials, and the results were unchanged (RR 1.06, P ϭ .50). 
Nonparoxysmal AF
Figure 4
Freedom from atrial tachyarrhythmia for paroxysmal AF. AF ϭ atrial fibrillation; CI ϭ confidence interval.
1.32, P ϭ .02) ( Figure 5 ). There was no evidence of significant heterogeneity between included studies (I 2 ϭ 29%, P ϭ .23). The analysis was repeated using only the 3 randomized controlled trials and the effect size was similar, although no longer statistically significant (RR 1.36, P ϭ .10).
Secondary outcomes
Fluoroscopy time and procedure time Seven studies reported data for procedure time, and 7 reported on fluoroscopy time ( Figure 6 ). The addition of CFAE ablation resulted in increased procedure time (43 Ϯ 19 minutes, P Ͻ .001) and fluoroscopy time (14 Ϯ 8 minutes, P ϭ .001).
Complications and mortality
Six studies reported rates of cardiac tamponade. The rate of tamponade in the PVI alone group was 0.6% (2 of 308) and in the PVI with CFAE ablation group was 1.0% (3 of 313). This difference was not statistically significant (P ϭ 1.0, Fisher exact test, 2-tailed). Thromboembolic complications were reported by 6 studies representing 592 patients. No thromboembolic complications were observed in either the PVI alone arm or the PVI with CFAE ablation arm. No deaths were reported by any of the included studies (although not all studies reported on deaths at follow-up).
Discussion
Main findings
In this meta-analysis of controlled trials comparing PVI alone vs. PVI with CFAE ablation for AF, we found that the addition of CFAE ablation to PVI results in a statistically significant increase in freedom from AT at follow-up for subjects with nonparoxysmal, but not paroxysmal, AF. The added benefit of CFAE ablation comes at the cost of increased procedure time and increased fluoroscopy time. There was no statistically significant difference in the rate of tamponade, and the rate of other complications was low enough to prohibit statistical analysis. To our knowledge, this is the first meta-analysis addressing these questions.
PVI aims to electrically isolate the pulmonary veins and thus the triggers of AF. This procedure has resulted in high success rates for paroxysmal AF, but is inadequate for many patients with nonparoxysmal AF. As AF moves from the paroxysmal to the nonparoxysmal state, the atria undergo both structural and electrical remodeling, resulting in areas of fibrosis and slowed conduction. These structural changes facilitate anisotropy, and the associated pivoting and colliding of wavelets, which result in regions with fractionated electrograms. It was first proposed by Konings et al 27 that these areas are critical to the persistence of AF. Nademanee et al 9 were the first to show that substrate modification through ablation of CFAEs could be used to terminate AF. As AF moves from the paroxysmal to the persistent state, abnormal atrial substrate plays a larger role in the persistence of AF. As a result, simply isolating the pulmonary vein triggers of AF may not be sufficient to prevent recurrence of nonparoxysmal AF. In this meta-analysis, targeted substrate ablation was shown to improve procedural outcomes for patients with nonparoxysmal AF, possibly by eliminating the specific substrate responsible for perpetuation of AF in these patients.
In the pooled analysis of studies of nonparoxysmal AF, the use of CFAE ablation as an adjunct to PVI resulted in an increase in freedom from AT at follow-up (RR ratio 1.32, 95% confidence interval 1.05 to 1.65). This analysis included 5 studies, 4 of which showed improved long-term efficacy over anatomical ablation alone. Oral et al 22 found no improvement in outcome with the addition of CFAE ablation. This study differed from the others in the group in several ways. First, the study population had larger left atrial diameters (4.65 cm on average vs. 4.29 cm for the other studies), and the success rates of the procedures were lower. Given this, the patient population may have had more advanced AF that was less suitable for ablation in general, biasing against an effect. Finally, the investigators limited CFAE ablation to 2 hours or stopped ablating CFAEs when AF terminated.
In the pooled analysis of studies of paroxysmal AF, the use of CFAE ablation as an adjunct to PVI did not result in an increase in freedom from AT at follow-up (RR ratio 1.04, 95% confidence interval 0.93 to 1.16). One of the 4 studies, Verma et al, 19 showed a nonsignificant trend toward benefit from the combined approach (P ϭ .14). Interestingly, this study included patients with high-burden paroxysmal AF, possibly accounting for this trend.
Study limitations
Meta-analysis was developed for application to randomized trials. However, there has been a recent trend in the use of meta-analysis for nonrandomized studies. 28 To address the fact that we included nonrandomized data, we performed a sensitivity analysis by repeating each part of the metaanalysis using only the data from randomized controlled trials. The effect sizes remained remarkably consistent, although the statistically significant findings were no longer significant with the smaller number of included studies.
The second limitation of this study was the variation in the technique of ablation between centers. Different studies used different methods to electrically isolate the pulmonary veins (PVI or PVAI). One study, Lin et al 26 performed linear ablation by an anatomic approach after PVI. In addition, the definition of CFAEs, the method of identification of CFAEs (visual identification or automated mapping), and the method of CFAE ablation differed between studies. For example, the study by Verma et al 24 limited CFAE ablation for the anterior left atrium and the anterior septum, whereas the study by Deisenhofer et al 21 performed a more extensive CFAE ablation involving both the left and right atria. Oral et al 22 limited CFAE ablation to 2 hours. However, the average additional procedure time for CFAE ablation was only 75 minutes, which was similar to the other included studies and comfortably below their 2-hour limit.
Another limitation of this study was the variation on the length of follow-up. Deisenhofer et al 21 had only 3 months of follow-up. In their study, 2 subjects who were classified as procedural successes at 3 months later developed atrial tachycardias that required ablation. These patients would have been considered treatment failures in any of the other studies that had a longer period of follow-up. The study by Lin et al 26 had different follow-up durations for the intervention and control groups. By chance, this did not affect the analysis because both curves reached a plateau by 15 months.
A final limitation is that Verma et al 19 had a small percentage of patients still on antiarrhythmic drugs at follow-up. This was allowed in this analysis for 3 reasons: the study protocol specified that patients should be taken off antiarrhythmic drugs after 2 months, a high percentage (96%) of subjects considered to have a successful postablation outcome were off antiarrhythmic drugs, and the small number of subjects still on antiarrhythmic drugs were evenly distributed between the groups.
Conclusion
In this meta-analysis of randomized controlled trials and controlled clinical trials, addition of CFAE ablation to PVI results in greater improvement in freedom from atrial arrhythmia for patients with nonparoxysmal AF, but not for patients with paroxysmal AF. This improvement comes at the cost of longer fluoroscopy time and procedure time. This analysis provides another piece of evidence that CFAE ablation may be a useful adjunct to PVI for patients with nonparoxysmal but not paroxysmal AF. The analysis was limited by the retrospective nature of some of the studies in addition to variation in the technique of ablation between centers. More randomized trials are needed to fully evaluate the benefits of CFAE ablation.
